Abstract In order to compare gallstone disease data from India and Asian countries with Western countries, it is fundamental to follow a common gallstone classification. Gallstone disease has afflicted humans since the time of Egyptian kings, and gallstones have been found during autopsies on mummies. Gallstone prevalence in adult population ranges from 10 to 15 %. Gallstones in Western countries are distinguished into the following classes: cholesterol gallstones that contain more than 50 % of cholesterol (nearly 75 % of gallstones) and pigment gallstones that contain less than 30 % of cholesterol by weight, which can be subdivided into black pigment gallstones and brown pigment gallstones. It has been shown that ultrastructural analysis with scanning electron microscopy is useful in the classification and study of pigment gallstones. Moreover, xray diffractometry analysis and infrared spectroscopy of gallstones are of fundamental importance for an accurate stone analysis. An accurate study of gallstones is useful to understand gallstone pathogenesis. In fact, bacteria are not important in cholesterol gallstone nucleation and growth, but they are important in brown pigment gallstone formation. On the contrary, calcium bilirubinate is fundamental in black pigment gallstone formation and probably also plays an important role in cholesterol gallstone nucleation and growth.
Introduction
In order to compare gallstone disease data from India and Asian countries with Western countries, it is fundamental to follow a common gallstone classification. Previously published papers report discordant data from chemical analysis of gallstones and classify gallstones as pure or mixed cholesterol and bilirubin gallstones [1] ; in other articles, black pigment gallstones have not been considered [2] . Moreover, misinterpretations about cholesterol gallstone pathogenesis have also been reported [2, 3] .
Gallstone disease has afflicted humans since the time of Egyptian kings, and gallstones have been found during autopsies on mummies [4] . Gallstone prevalence in adult population ranges from 10 to 15 % [5] . Gallstones in Western countries are distinguished into the following classes: cholesterol gallstones that contain more than 50 % of cholesterol (nearly 75-80 % of gallstones) and pigment gallstones that contain less than 30 % of cholesterol by weight, which can be subdivided into black pigment gallstones (10-15 %) and brown pigment gallstones (5-10 %) [6] [7] [8] [9] [10] [11] (Fig. 1) . Cholesterol gallstones are associated with risk factors such as dyslipidemia, obesity, type 2 diabetes, hyperinsulinemia (metabolic syndrome epidemic), gallbladder hypomotility, total parenteral nutrition, gender (female), and old age [1, 12] . Black pigment gallstones (Fig. 1) are associated with typical hyperbilirubinbilia factors such as hemolysis, ineffective erythropoiesis, pathologic enterohepatic cycling of unconjugated bilirubin, and liver cirrhosis and with parietal gallbladder mucosa factors such as Rokitansky-Aschoff sinuses of the gallbladder [12, 13] . Brown pigment gallstones are nearly 5 % of gallstones and are found mainly in the common bile duct; they are associated with biliary infection [8] [9] [10] .
Materials and Method
During the prospective study of 179 consecutive patients who underwent cholecystectomy, histologic examination of the gallbladder, and gallstone and bile analysis, 195 gallstones were found and classified. Sixteen patients had combination stones (i.e., the presence of two different populations of stones in the same gallbladder, usually in the patients with cholesterol composite or mixed gallstones). The present study was done in San Martino University Hospital, Genoa, Italy and in Policlinico Le Scotte Hospital, University of Siena, Siena, Italy. Patients' data were collected with a particular interest for the typical risk factors of gallstone disease. Gallstones were analyzed with x-ray diffractometry (Siemens D500 diffractometer), infrared spectroscopy (PerkinElmer 357 infrared spectroscopy), and scanning electron microscopy (ISI SS40 scanning electron microscope) ( Table 1) . Identification of the various compounds was done by comparing the observed spectra and diffraction angles with those reported in the literature [11, [14] [15] [16] . In addition, in a subgroup of patients with gallbladder adenomyomatosis (increase in depth and number of Rokitansky-Aschoff sinuses), scanning electron microscopy of the gallbladder wall was done [17] . Gallstones obtained during surgery were washed, dried, and photographed. After cross section with scalpel, gallstones were classified according to morphologic criteria. In fact, cholesterol and pigment gallstones can be distinguished by gross inspection of the external surface and of the nucleus.
Pigment gallstones can be distinguished as black and brown simply on the basis of their color. Brown gallstones are brownish yellow and are soft. Black pigment gallstones are small and irregular; in cross section, they have glass-like appearance. In the 41 patients who had both adenomyomatosis and intraparietal black pigment microstones, the gallbladder wall and gallstones were submitted for scanning electron microscopy analysis. The gallbladder was opened and washed with deionized water. Specimens were fixed with 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer (pH7.2) for 24 h, postfixed in 1 % aqueous osmium tetroxide (OsO 4 ) for 30 min, dehydrated by increasing concentrations of aqueous alcohol, and submitted to critical point drying. The various specimens of gallbladder walls were postfixed and affixed to an aluminum stub by means of double cellophane tape, and subsequently, they were coated with 20-nm-thick gold layer by sputter coating procedure. Dried gallstones were split in half, mounted on aluminum stub with double cellophane tape, and coated with gold sputtering. Entire cross-section surfaces were scanned with scanning electron microscopy.
Results
The composition of gallstones, according to x-ray diffractometry, infrared spectroscopy, and scanning electron microscopy, has been summarized in Table 1 . 
Cholesterol gallstones can be subclassified as pure cholesterol gallstones, mixed (multiple) cholesterol gallstones, and combination or composite stones, usually on the basis of their gross aspect (Fig. 1) . Reported data on gallstone composition are summarized in Table 1 .
Two different populations of gallstones in the same gallbladder are referred to as combination stones [17] . Black pigment gallstone (Fig. 1 ) (11 % of gallstones; 19 % if we consider the "combination stones") composition is as follows: cholesterol (7-8 %), calcium bilirubinate (73.5-50.5 %), calcium carbonate (5.8-7.2 %), and calcium phosphate (0-20 %) [17] . At x-ray diffractometry, they are usually amorphous (Fig. 2) , but the irregular subtypes contain whitlockite (Fig. 3) . Brown pigment gallstone ( Fig. 1 ) composition is as follows: cholesterol (9.9-11.1 %), calcium bilirubinate (36-68 %), calcium carbonate (traces), and calcium palmitate (18-30 %) [17] .
Discussion
The chemical analysis by semiquantitative titrimetric and colorimetric methods [1] is insufficient to analyze all gallstone populations because these methods do not cover all the types of pigment gallstones. The ultrastructural analysis with scanning electron microscopy has proved to be useful in the classification and study of pigment gallstones [9, 10, [16] [17] [18] [19] . Moreover, the classification of gallstones based on thin-section petrographic microscopy does not consider brown pigment gallstones and should be enriched by the ultrastructural analysis of gallstones [18, 19] . In addition, x-ray diffractometry analysis, as well as infrared spectroscopy of gallstones, is of fundamental importance for an accurate stone analysis [9, 10, 14, 16, 17 ]. An accurate study of gallstones is very useful to understand gallstone pathogenesis. In fact, bacteria are not important in cholesterol gallstone formation [3] , but they are important in brown pigment gallstone formation [19] . A correct understanding of brown pigment stone pathogenesis can be of great interest in the prevention of biliary stent occlusion [20] . Parietal or gallbladder mucosa factors play an import role in cholesterol and black pigment gallstone formation; in fact, ultrastructural analysis of the gallbladder wall demonstrated the formation of black calcium bilirubinate microstones within Rokitansky-Aschoff sinuses of the gallbladder [21] . In addition, calcium bilirubinate has been demonstrated to act as cement between cholesterol crystals during cholesterol gallstone formation [12, 13] .
In the light of these studies, primary prevention of cholesterol gallstone formation and growth could act not only on hypercholesterolemia factors (metabolic epidemic syndrome) but also on hyperbilirubinbilia factors and gallbladder mucosa factors. In addition, the medical treatment of gallstones by oral drugs as ursodeoxycholic acid or the preventive effects of statins or ezetimibe are effective only in pure cholesterol or some mixed cholesterol stones; patient selection is of fundamental importance because the administration of these drugs among patients with calcified cholesterol gallstones or among brown or black pigment gallstones is completely ineffective.
Another crucial question arises from the study of gallbladder carcinoma: Is gallbladder carcinoma a unique entity or comprises different subgroups with different risk factors? Gallbladder carcinoma comprises two subgroups: one subgroup comprises squamous cell carcinoma, adenosquamous cell carcinoma, and some adenocarcinomas associated with the appearance of gallstones and the other subgroup comprises papillary adenocarcinoma and some types of adenocarcinomas not associated with gallstone formations but with other conditions such as pancreatobiliary reflux, pancreatobiliary maljunction, and gallbladder adenoma [22] . The different histological subtypes of gallbladder cancers have different responses to different chemotherapies [23, 24] . The accurate study of gallstones associated with gallbladder cancer revealed that only large cholesterol or combination gallstones or long-standing gallstones are associated with an increased risk of developing gallbladder carcinoma but not brown or black pigment gallstones or gallbladder infection [22, [25] [26] [27] .
Prevention and treatment of these risk factors among high-risk groups of patients could probably reduce gallbladder carcinoma incidence, but further studies are necessary in order to evaluate these questions. Finally, ultrastructural studies on gallstones among uremic patients have demonstrated that chronic kidney insufficiency is associated with an increased risk of developing symptomatic cholesterol, black pigment, and blackberry gallstone disease [28] . In conclusion, a correct classification of gallstones is useful to find all the conditions associated with the different types of gallstones in order to plan primary and secondary gallstone prevention and treatment. Fig. 3 X-ray diffraction of "spicular or blackberry" black pigment gallstones performed with a Siemens D500 diffractometer. Black pigment gallstone subtype with irregular surface contains great amount of whitlockite at x-ray diffractometry with the typical diffraction angles
